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(57) ABSTRACT 

The invention relates to an angle sensor comprising at least 
two angle-offset anisotropic magnetoresistive sensor units 
comprising anisotropic magnetoresistive elements, in which 
the angle sensor comprises at least a device for increasing 
the anisotropic field strength of the sensor units. The inven- 
tion also relates to a method of increasing the anisotropic 
field strength of a sensor unit of an angle sensor comprising 
magnetoresistive elements, in which a magnetic supporting 
field present in a preferred direction of the magnetoresistive 
elements is generated. 
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comprises the two sensor units (40, 42 see FIG. 1), in which 
each sensor unit comprises MR elements 60 and 62, respec- 
tively. 

The MR elements 60, 62 of the two sensor units comprise 
anisotropic magnetoresistive strips (MR strips) 80 which are 
arranged always parallel to each other within each MR 
element 60, 62. 

In the embodiment of the angle sensor 20 shown in FIG. 
2, Barber pole structures with opposite inclination of the 
Barber pole in oblique parts of the resistive bridges are 
realized but the sensor may of course also be made without 
Barber poles. Both sensor units or bridges are rotated 90° 
with respect to each other and are interlaced. 

Embodiments of MR elements according to the 
invention, which may be used in angle sensors and are 
shown in FIGS. 1 and 2, will now be described with 
reference to the following Figures. 

FIG. 3 is a plan view of an MR element 64 provided with 
MR strips 82. In this embodiment, a coil 100, which 



embodiment can be manufactured at low cost and is very 
reliable because of the relative insensitivity of the magnet. 
The MR strips in the embodiment shown in FIG. 5 have a 
thickness d of 180 nm and a width b of 6 fan so that a ratio 
5 V=d/b=3*10" z is realized. 

FIG. 6 shows a further embodiment of an MR element 
according to the invention. The MR element 70 is substan- 
tially analog to the MR elements shown in FIGS. 3 to 5, and 
in this embodiment MR strips 88 are also arranged in the 
1Q preferred direction of the MR element 70. 

As is particularly ciear from FIG. 6b, a hard-magnetic 
layer 160 is provided on the surface of the MR element 70 
and above the MR strips 88 in this embodiment. This hard 
magnetic layer 160 also generates a magnetic field H in the 
preferred direction, analogously to the embodiments 
15 described hereinbefore. 

It is to be noted that the embodiments shown only 
represent examples of possible MR elements and possible 
devices for increasing the anisotropic field strength of the 
sensor units, but those sHlled in the art will be able to 
substantially completely surrounds the MR element 64, is 20 conceive further modifications within the scope of the 



a device for increasing the anisotropic field strength 
of the MR element. 

The shape of the coil 100 is particularly visible in FIG. The MR strips (80, 82, 84, 86, 88) are diagrammatically 

3b in which the MR element 64 can be clearly seen in a shown as lines only in FIGS. 3 to 6. The geometrical design 
cross-section and has a surface on which the MR strips 82 25 ma y however, be varied in accordance with the invention, 
have been provided. The coil 100 substantially completely which is particularly shown in FIG. 7. The MR strips of the 
surrounds the MR clement 64. embodiment shown in FIG. 6 have a thickness d of 160 ran 

Although the coil cross-section is shown rectangularly in aQd . a widtb b of 4 ^ 50 that a ratio V=d/b=4*10" 2 is 
this case, it may also assume any other arbitrary geometrical 
shape, for example, also a circular cross-section. 3 

The coil 100 generates a substantially homogeneous 



magnetic told in the core, which field is derailed by the 
arrow H. The magnetic field is aligned substantially parallel 
to the longitudinal alignment of the MR strips which cor- 
responds to the preferred direct ion of the MR strips. The MR 
strips of the embodiment shown in FIG. 3 have a thickness 
d of 120 nm and a width b of 6 /an so that a ratio 
V=oVb=2*10- 2 is realized. 

FIG. 4 shows a further embodiment of an MR element 



realized. 

FIG. 7a shows an MR strip 90 which is rectangular and 
' has a length 1 in the preferred direction and a width b. FIG. 
7b shows a further possible embodiment of an MR strip 92 
which has a hyperboloid shape, whereas the MR strip 94 
shown in FIG. 7c has an asteroidal shape. 

The aspect ratio between length 1 and width b should be 
5 chosen to be as large as possible so as to achieve a high 
anisotropic field strength, and is in a range between 50 and 
200 in the embodiment shown. A particularly preferred 
aspect ratio is about 100. 

The characteristic features of the invention disclosed ir 



according to the invention. FIG. 4a is a plan view of an MR 40 the foregoing description, the drawings and the claims may 
element 66 which, likewise as the element shown in FIG. 3a, be essential both individually and in an arbitrary combina- 
also has longitudinal MR strips 84. tion for realizing the invention in its various embodiments. 



Instead of the coil surrounding the MR element, internal 
coils 120 are provided in this embodiment. The structure of 
an internal coil 120 is particularly clear from FIG. 4b in 45 
which the magnetic field H generated by the coil or the coils 
120 substantially corresponds to the magnetic field H as is 
also generated in the embodiment shown in FIG. 3. 

The coils 120 are thin-film coils integrated in the layout, 
so that the dimensions of the MR elements with the coils can so 
be clearly reduced with respect to the dimensions of the 
embodiment shown in FIG. 3. The MR strips of the embodi- 
ment shown in FIG. 4 have a thickness d of 120 nm and a 
width b of 6 /an so that a ratio V=d/b=2*10~ 2 is realized. 

FIG. 5 shows a further embodiment of an MR element 55 
according to the invention. In this embodiment, the MR ' 
element 68 is provided on a permanent magnet 140 with a 
north pole N and a south pole S. Also in this embodiment, 
the magnet 140 generates a magnetic field H which is 
aligned in the direction of the MR strips 86 and the preferred so 
direction of the MR element. 

FIG. 5b is a side elevation of the embodiment shown in 
FIG. 5a, in which the structural form and the arrangement of 
the MR element 68 on the surface of the magnet 140 is 
clearly visible. 65 

The embodiment shown in FIG. 5 is more voluminous as 
compared with the embodiment shown in FIG. 4 but this 



>r for measuring at 



What is c! 

1. A system comprising an angle : 

gle comprising: 

at least two angle-offset anisotropic magnetoresistive sen- 
sor units comprising anisotropic magnetoresistive 
elements, wherein the angle sensor has a 360 degree 
period and further comprises at least a device for 
increasing an anisotropic field strength of the sensor 
units to such an extent that the anisotropic field strength 
is higher than a field strength in an environment in 
which the sensor is used, and, an apparatus for gener- 
ating said field strength in said environment. 

2. Asystem as claimed in claim 1, wherein the device for 
increasing the anisotropic field strength comprises at least a 
coil arrangement. 

3. A system as claimed in claim 2, wherein the coil 
arrangement comprises at least an external coil per magne- 
toresistive element which substantially surrounds the mag- 
netoresistive element. 

4. A system as claimed in claim 2, wherein the coil 
arrangement comprises at least a thin-film coil integrated in 
the layout of each magnetoresistive element. 

5. A system as claimed claim 1, wherein the device for 
increasing the anisotropic field strength comprises at least a 
magnet. 
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6. A system as claimed in claim 5, wherein the magnet is 
a permanent magnet. 

7. A system as claimed in claim 1, wherein at least the 
magnetoresistive element comprises a hard-magnetic layer 
provided thereon. 

8. Asystem as claimed in claim 1, wherein the at least two 
angle-offset sensor units have an angle offset of 90°. 

9. A system as claimed in claim 1, wherein the magne- 
' e elements comprise magnetoresistive layers of a 



predetermined length 1, width b and thickness d, in which the 10 



layers, in which the magnetoresistive layers are given a 
substantially hyperboloid or asteroidal shape. 

23. An angle sensor comprising at least two angle-offset 
anisotropic magnetoresistive sensor units comprising aniso- 
tropic magnetoresistive elements, wherein the angle sensor 
comprises at least a device for increasing the anisotropic 
field strength of the sensor nnits, wherein the magnetoresis- 
tive elements comprise magnetoresistive layers of a prede- 
termined length 1, width b and thickness d, in which the ratio 
V between the thickness d and the width b has a value 



o V between the thickness d and the width b h 
10- 3 . 

10. A system as claimed in claim 9, wherein at least one 
of the magnetoresistive layers has a rectangular, hyperboloid 
or asteroidal shape. 1 

11. A system as claimed in claim 1, wherein at least one 
of the magnetoresistive layers consists of a material from the 
following group: NiCo 50:50, NiCo 70:30, CoFeB 72:8:20, 
NiFe 8 1:19. 



10" 3 . 



24. An angle sensor as claimed in claim 23, wherein at 
least one of the magnetoresistive layers has a rectangular, 
hyperboloid or asteroidal shape. 

25. An angle sensor as claimed in claim 23, wherein the 
5 device for increasing the anisotropic field strength comprises 

at least a coil arrangement. 

26. An angle sensor as claimed in claim 25, wherein the 
coil arrangement comprises at least an external coil per 
magnetoresistive element, which substantially surrounds the 

12. A system as claimed claim 1, wherein it further 20 magnetoresistive element. 

comprises a means for applying magnetic reversal pulses. 27. An angle sensor as claimed in claim 26, wherein the 

13. A system as claimed in claim 12, wherein the means coil arrangement comprises at least a thin-film coil intc- 
for applying magnetic reversal pulses comprises at least a grated in the layout of each magnetoresistive element, 
coil arrangement. 28. An angle sensor as claimed in claim 23, wherein the 

14. A system as claimed in claim 12, wherein the means 25 coil arrangement comprises at least a thin-film coil tnte- 
for applying magnetic reversal pulses compensates a span- grated in the layout of each magnetoresistive element, 



taneous reversal of magnetism. 

15. A system as claimed in claim 1, wherein it further 
comprises subsequently arranged or integrated signal elec- 

16. A system as claimed in claim 1, wherein the magne- 
toresistive elements comprise magnetoresistive layers, 
which have a substantially hyperboloid or asteroidal shape. 

17. A method of increasing an anisotropic field strength of 

a sensor unit of an angle sensor comprising magnetoresistive 2 
elements, wherein a magnetic supporting field (H) present in 
a preferred direction of the magnetoresistive elements is 
generated to such an extent that the anisotropic field strength 
is higher than a field strength in an environment in which the 



>r is used, said method further comprising generating 40 72:8:20, NiFe 81:19. 



29. An angle sensor as claimed in claim 23, wherein the 
device for increasing the anisotropic field strength comprises 
at least a magnet. 

30. An angle sensor as claimed in claim 29, wherein the 
magnet is a permanent magnet. 

31. An angle sensor as claimed in claim 23, wherein at 
least the magnetoresistive element comprises a hard- 
magnetic layer provided thereon. 

32. An angle sensor as claimed in claim 23, wherein the 
at least two angle-offset units have an offset angle of 90°. 

33. An angle sensor as claimed in claim 23, wherein at 
least one of the magnetoresistive layers consist of a material 
from the following group: NiCo 50:50, NiCo7O:30, CoFeB 



sa360 



n claim 17, wherein the mag- 
generated permanently or dis- 



the field i 
degree period. 

IS. A method as claimed 
netic supporting field (H) is 
continuously. 

19. A method as claimed in claim 17, wherein the sup- 
porting field (H) is generated by at least a coil arrangement. 

20. A method as claimed in claim 17, wherein the sup- 
porting field (H) is generated by a magnet. 

21. A method as claimed in claim 17, wherein the sup- 
porting field (H) is generated by a hard magnetic layer which 
is provided on at least one of the magnetoresistive elements. 

22. A method as claimed in claim 17, wherein the mag- 
netoresistive elements are built up of magnetoresistive 



34. An angle sensor as . claimed in claim 23, wherein it 
further comprises a means for applying magnetic reversal 

35. An angle sensor as claimed in claim 34, wherein the 
5 means for applying magnetic reversal pulses comprises at 

36. An angle sensor as claimed in claim 34, wherein the 
means for applying magnetic reversal pulses compensates a 
spontaneous reversal of magnetism. 

5 37. An angle sensor as claimed in claim 23, wherein it 
further comprises subsequently arranged or integrated signal 
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ABSTRACT 



Prior art gains in GMR ratio resulting from use of NiFeCr as 
a seed layer were offset by the resulting high values obtained 
for H c and H^. This problem has been overcome by com- 
bining a seed layer of NiCr or NiFeCr with a free layer of 
boron doped CoFe. Addilionally, when using a synlhelic 
pinned layer, further improvement is achieved by. using 
boron doped CoFe for the two antiparallel layers. 

28 Claims, 2 Drawing Sheets 
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DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 
The key features of the present invention are: 

(1) A single layer of boron doped CoFe is used for the free 

(2) The two ferromagnetic layers that make up the syn- 
thetically pinned layer are also boron doped CoFe. 

The relevant magnetic characteristics of boron doped 
CoFe are shown in the hysteresis curves seen in FIGS. 2, 3, 
and 4. These are for films of CoFe containing 5 atomic % of 10 
boron, said films being respectively 5, 10, and 15 Angstroms 
thick. Curves 21, 31, and 41 were taken along the easy axis 
while curves 22, 32, and 42 were taken along the hard axis. 
Data extracted from these curves (as well as from FIG. 1) are 
summarized in TABLE I below: is 

TABLE I 



Free layer 


(A) 


H« (Oe) 


H, (Oc) 


GMR 
ratio (%) 


CoFe 


5 


7.90 


6.53 


n.2? 


B-doped CoFe 


5 


4.66 


3.33 


11.19 


B-dopcd CoFe 


10 


4.66 


3.37 


12.29 


B-doped CoFe 


15 


5.80 


4.25 


11.66 



This data makes it clear that the substitution of boron 
doped CoFe for undoped CoFe leaves the GMR ratio 
essentially unchanged <■ hile significantly reducing both H c 
and It is also noteworthy that these quantities are 
relatively insensitive U> Itlm thickness. We can also apply Ilia 
same principle to the pinned layer. Thus, due to the intrinsic 
magnetic softness and anisotropy of CoFeBx, if the two 
antiparallel components of a synthetically pinned layer are 
made of boron doped CoFe, the assocj iied oiiferr >i i ig- 
netic material (such as MnPt, MnPtPd) will have much 
bel ter pinning properties, such as smaller H opl -„ compared to 

pure CoFe. 

We now present a detailed description of the process of 
the present invention. In the course of so doing, the structure 
of the invention will also become apparent: 

Referring now to FIG. 5, the process begins with the 
provision of substrate 50 (such as alumina) and depositing 
thereon seed layer 51 that is either NiCr or NiFeCr, as 
discussed earlier. This is followed by the deposition of 
antiferromagnetic layer 52. Next, pinned layer 53 is depos- 
ited. As mentioned earlier, it is commonly a trilayer of two 45 atomic % boron, 
soft ferromagnetic layers (53s and 53c) separated by a layer 7. The process des< 
of an antiferromag-netic coupling material such as ruthe- 
nium (layer 53b). Layers 53a and 53c are heated and 
annealed under suitable conditions so that they end up being 
magnetized in anti-parallel directions. Layers 53a and 53c 
each contains between about 50 and 90 atomic % cobalt, 
between about 5 and 30 atomic % iron, and between about 
3 and 20 atomic % boron. 

Deposition of non-magnetic spacer layer 54 (typically 
copper) now follows, after which free layer 55a is laid down. 
A key feature of the invention is that this layer is boron 
doped CoFe. This free layer contains between about 70 and 
90 atomic % cobalt, between about 5 and 10 atomic % iron, 
and between about 3 and 20 atomic % boron. Optionally, 
NiFe layer 556 may be deposited over layer 55a but this 



A key benefit of devices formed as described above, is 
that, as noted earlier, the free layer can have a thickness that 
is in the range of from about 15 to 100 Angstroms since its 
coercivity over that thickness range will vary by less than 
about 10%. Typically, the coercivity is found to be between 
about 2 and 5 Oersted with an anisotropy field that is 
between about 3 and 5 Oersted. Furthermore, the inter-layer 
coupling between the free layer and the pinned layer is less 
than about 10 Oersted. These favorable performance param- 
eters are achieved while still retaining a GMR ratio that is 
between about 10 and 15%. 

What is claimed is: 

1. A process to manufacture a bottom spin valve, com- 
prising: 

providing a substrate and depositing thereon a seed layer 

that contains Ni and Cr; 
depositing an antiferromagnetic layer on said seed layer; 
depositing a pinned layer on said antiferromagnetic layer; 
depositing a non-magnetic spacer layer on said pinned 

layer; 

on said non-magnetic spacer layer, depositing a free layer 
consisting of boron doped cobalt-iron, interlayer cou- 
pling between said free layer and said pinned layer 
being less than about 10 Oersted; and 
depositing a capping layer on said free layer. 

2. The process described in claim 1 wherein said seed 
layer is elected from the group consisting of NiCr and 
NiFeCr. 

3. The process described in claim 1 wherein the step of 
depositing said pinned layer further comprises depositing a 
layer of ruthenium between two layers of boron doped 
cobalt-iron and then magnetizing said layers of boron doped 
cobalt-iron in opposing directions. 

4. The process described in claim 3 wherein said two 
layers of boron doped cobalt-iron each contains between 
about 50 and 90 atomic % cobalt, between about 5 and 30 
atomic % iron, and between about 3 and 20 atomic % boron. 

5. The process described in claim 3 further comprising 
depositing a layer of NiFe between said free layer and said 



about 5 and 10 al 



in said free layer 
cobalt, between 
i about 3 and 20 



^aim 1 wherein said free layer 
thickness that is in the range of from about 15 to 100 
Angstroms and a coercivity that varies by less than about 
10% over said thickness range. 

8. The process described in claim 1 wherein said free layer 
has coercivity that is between about 2 and 5 Oersted. 

9. The process described in claim 1 wherein said free layer 
has an anisotropy field that is between about 3 and 5 Oersted. 

10. The process described in claim 1 wherein said spin 
valve ha a GMR ratio that is between about 10 and 15%. 

11. The process described in claim 1 wherein said spin 
valve has a seed layer that is NiCr and a GMR ratio that is 
between about 10 and 15% and a free layer having a 
coercivity that is between about 2 and 5 Oersted and said 

60 free layer has an anisotropy field between about 3 and 5 



not essential for the successful operation of the finished Oersted, 
device. The addition of layer 556 leads to a slight improve- 12, The process described in claim 1 wherein said spin 

ment in H c and H t at the cost of a slightly smaller GMR valve has a seed layer that is NiFeCr and a GMR ratio that 

value for the same moment. is between about 10 and 15% and free layer having a 
The process of the present invention concludes with the 65 coercivity that is between about 2 and 5 Oersted and said 

deposition of capping layer 56 (usually tantalum) on the free free layer has an anisotropy field between about 3 and 5 

layer. Oersted. 
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AB Metallic glass samples of (FexCol-x) 80B20 are studied by thermomagnetic analysis. 
The results show that this ternary alloy can be considered as a mixture of the binary 
alloys Fe80B20 and Co80B20 with their compositions changed slightly in the way of a 
little increase in the boron content in the FeB alloy. This is justified by the greater 
size of the Fe atoms that provide more interstitial space for B. This increase in B, 
increases the average exchange interaction that explain the properties observed 
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AB A simple model of giant magneto-impedance (GMI) effect in amorphous thin films is 

proposed and the expressions of effective permeability and impedance are derived in 
the frame of classical electrodynamics and ferromagnetisnt. The dependence of GMI 
effect on the external magnetostatic field and the frequency of alternating current 
is discussed in the viewpoint of the energy conversion in the film. Numerical 
simulation is conducted and the calculated GMI effect shows reasonable consistency 
with that measured on a (CoFe) 80B20 amorphous film 
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AB Amorphous Co72Pe8B20 is a soft ferromagnetic material with a high electrical 

resistivity and is, therefore, unique for use as the active layer in giant 
magnetoresistance (GMR) spin-valve structures. CoFeB/ Cu/ CoFeB/FeMn spin-valve 
structures were prepared by magnetron sputtering with varying FeMn thickness, 
deposition sequence, CoFeB deposition rate, Cu deposition rate, applied magnetic 
field, and annealing treatment, and their magnetic and magnetotransport properties 
were investigated by superconducting quantum interference device magnetometry and 
four-terminal magnetoresistance measurements.. FeMn, above a critical thickness of 
100 A, is found to be a suitable biasing layer only if deposited on top of CoFeB. 
Optimum CoFeB and Cu thicknesses and deposition rates were also determined. A 
modest GMR ratio of 1.2% in a field range 10 0e<H<15 Oe is achieved at T=10 K in a 
CoFeB (40 A)/Cu(30 A) /CoFeB (20 A) /FeMn (100 A) structure. However, we expect that 
the size of the GMR effect can be tailored independently by suitable engineering of 
the CoFeB/Cu interface 
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AB Electrical resistivity measurements of amorphous (FezColOO-z) 83B17 alloys in the 

temperature range 40 K<T<300 K have been obtained. We observed from the analysis of 
the resistivity data that there is no s-d Interaction or Js-d coupling. An 
empirical relationship for estimating ©D is suggested from the normalized 
electrical resistivity data, which holds good both for theoretical and estimated 
@D. For s-d Interaction or Js-d coupling to occur in ferromagnetic amorphous 
alloys, ordering of ferromagnetic domains, i.e. Heisenberg interaction in a 
disordered matrix, would require temperatures of T<©D/50 . simeq. 0 . 02 ®D 
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TITLE: Magnetic and structural properties of FeCoB thin films 

AUTHOR: Piatt, C.L.; Minor, N.K.; Klemmer, T.J. (Seagate 

Technol., Pittsburgh, PA, USA) 
SOURCE: IEEE Transactions on Magnetics (July 2001), vol.37, 

no. 4, pt.l, p. 2302-4, 7 refs. 

ISSN: 0018-9464 

Published by: IEEE, USA 

Conference: Eighth Joint Magnetism and Magnetic 
Materials Intermag Conference, San Antonio, TX, USA, 
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COUNTRY: United States 

LANGUAGE: English 

AB The magnetic and structural properties of FeCoB thin films as a function of boron 

content have been investigated for applications requiring soft, high moment 
materials. The films were either co-sputtered from separate FeCo-35 and B targets 
or from a (Fe65Co35) 90B10 alloy target. A peak in the coercivity was observed for 
small amounts of boron. Measurements of coercivity with fields applied along the 
radial and circumferential directions of the Si wafer showed isotropic magnetic 
behavior. The coercivity and saturation induction decreased with increasing amounts 
of boron above 2 atomic!. High angle X-ray diffraction showed a broadening of the 
(110) peak with increasing boron, indicative of either increased microstrains Or 
smaller average grain size perpendicular to the film. The (110) peak, however, did 
not shift with added boron, suggesting that on average the boron does not enpand 
the FeCo lattice. The drop in coercivity around 10 . atomic% B was identified with a 
transition to a primarily amorphous state. Since these alloys have a high positive 
magnetostriction, their magnetic properties are particularly . sensitive to film 
stress/strain. Using sputtering gas pressure as a variable, differences in 
coercivity were also correlated with changes in film strain 
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AB The influence of tensile stress annealing on magnetic properties of the low 

magnetostrictive Co68 . 25Fe4 . 5S112 . 25B15 amorphous ribbons has been studied 
experimentally in order to obtain very good quality cores for fluxgate sensors. A 
hard ribbon axis anisotropy can be induced in the ribbon exposed to a 1 h pre- 
annealing at 340°C followed by 1 h stress-annealing at the same temperature with 
applied longitudinal tensile stress greater than 380 MPa . The obtained results are 
discussed in terms of the magnetization processes, which take place in the ribbon. 
The measured functional parameters of the developed sensors prove that by suitable 
treatments, the studied amorphous ribbon can be used as magnetic sensing element 
for improved fluxgate sensors 
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An amorphous magnetic bimetallic sensor material 
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AB An amorphous bimetal ribbon consisting of magnetostrictive ( Fe40Ni4 0B20 ) and 

nonmagnetostrictive (Co67Fe4Cr7Si8B12) layers was prepared by planar flow casting 
from a double-chamber crucible. The effect of applied tensile stress on hysteresis 
loops and the surface domain structures of the stress-relieved bimetal was 
investigated at room temperature. The hysteresis loops can be well explained by 
superpositions of hysteresis loops of the individual layers. Only the 
magnetostrictive layer is responsible for the influence of applied stress on 
magnetic behavior. At a certain stress, the magnetic anisotropy of the 
magnetostrictive layer abruptly changes from a hard-ribbon-axis to an easy-ribbon- 
axis type. This transition is accompanied by a change of domain structure and a 
sharp maximum of the coercive field. A simple model taking into account an 
interplay of the applied tensile stress with the compressive stress produced by 
thermal contraction after stress relief and/or by bending of the ribbon has been 
developed. The observed behavior can be well explained by the model 
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AB Amorphous (Fe4Co6) 80B20 ultrafine particles (UFP) formed on a substrate by 

sputtering exhibit high coercive force and large perpendicular magnetic anisotropy. 
The material having those magnetic properties basically can be applied to 
perpendicular recording media, A double layer coating of polymer and A1N on the 
ultrafine particles resulted in good mechanical properties of the media such as 
upright standing of each particle and durability of the coating. There were almost 
no changes in magnetic properties between before and after coating the UFP. 
Magnetic recording characteristics of the UFP film were evaluated and it was found 
that the UFP film was perpendicularly recorded. Subsequent annealing of the UFP 
film at around 450 °C brought on considerable improvement of the magnetic 
properties, increasing magnetization, coercive force and magnetic anisotropy. 
Dipulse ratio obtained was about 0.45 for coating thickness of 0.2 urn 
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sequential co-sputtered ColOO-xBx and Co74Fe6B20 thin 
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AB The authors prepared thin, amorphous, conpositionally modulated films (CMF) by RF 
sequential co-sputtering with Co, B, and Fe targets. In principle this technique 
can produce controlled, small (<15 A) scale modulations in composition. The in- 
plane anisotropies and coercivities of the CMF were more than one magnitude larger 
than those of typical thin, homogeneous, amorphous, alloy films (AF) . The increase 
in anisotropy was growth induced and could be reduced by annealing to values 
comparable to those of amorphous AF, The coercivity, however, could not be 
significantly decreased by annealing, except in CMF with the highest boron 
concentration. The stability of the coercivity might, therefore, be an observable 
consequence of the small scale composition heterogeneity 
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New Co-based amorphous alloys with a wide supercooled liquid region above 40 K 
before crystallization and good soft magnetic properties were synthesized in the 
Co72-xFexZr8B20 and Co63Fe7ZrlO-xMxB20 (M=Nb, Ta or W) systems. The supercooled 
liquid region defined by the difference between crystallization temperature (Tx) 
and glass transition temperature (Tg) , ATx£=Tx-Tg), is 39 K for Co56Fel6Zr8B20, 45 
K for Co63Fe7Zr6M10B20, 40 K for Co63Fe7Zr4Ta6B20 and 44 K for Co63Fe7Zr6W4B20 . The 
glass transition is also observed for the Co63Fe7M10B20 (M=Ta or W) alloys. The Co- 
based amorphous alloys with ATx above 40 K exhibit low coercivity of 2.5 to 5.6 
A/m, low magnetostriction of 1.7+10-6 to 3.0+10-6 and high permeability (ue) of 
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10000 to 23000 at 1 kHz. The good ue characteristics are maintained in a high 
frequency range and the ue at 1 MHz is 5700 for Co56Fel 6Zr8B20 and 6800 for 
Co63Fe7Zr6Ta4B20 . The high frequency permeability is superior to those for 
conventional Co- and Fe-based amorphous alloys. The electrical resistivity (pn) is 
as high as 1.7 to 2.0 fiOm and hence the reduction of eddy current loss caused by 
the high pn is presumed to be the origin of the better high-frequency permeability. 
The simultaneous achievements of good soft "magnetic properties and high pn are 
presumably due to the formation of a unique amorphous structure in which two kinds 
of atomic pairs of metal-metal (Co-Fe-Zr-M) and metal-metalloid (Co-Fe -Zr-M-B) 
types are homogeneously mixed on a subnanoscale, because the former type pair has 
good soft magnetic properties and the latter type pair has high pn . The good 
combination of high stability of the supercooled liquid and good soft magnetic 
properties is expected to induce future development as a new type of soft magnetic 
bulk amorphous alloy 
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Anisotropic magnetoresistance in transition 
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AB Anisotropic magnetoresistance ratio (AMR) was measured for binary and ternary (Fe, 
Co, Ni)-B 

amorphous alloys over the temperature range from 77K to room temperature varying 
the composition systematically. • The largest AMR at room temperature was 0.45% for 
(Fe0.95Co0.05)84B16 alloy, which is smaller by about one order in magnitude than 
those in crystalline binary transition metal alloys . It was found that AMR in Co- 
Ni-B alloys exhibits a maximum similar to crystalline Co-Ni alloys. The maximum 
values were obtained for the alloys having magnetic moment of 0.56 |iB regardless of 
composition, meaning that the rigid band model is applicable to the anisotropic 
magnetoresistance in Co-Ni -B amorphous alloys 
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The choice of the recording head materials depends on the type of the recording 
surface (gamma-Fe203, Cr02, metal pigment) and the application (record or replay) . 
Recording heads for oxide surfaces shall have at least 0.4 T saturation field, for 
metallic surfaces 0.8 T. Replay heads shall have high initial permeability. The 
desirable magnetic and mechanical properties of head materials are tabulated, the 
composition of permalloy-type materials (NiFeCuMo) and the effects of various 
additives (Nb, Ta, Ti, Al) on hardness, permeability and saturation field are 
discussed. The Si-Al-Fe alloy, known as SENDUST seems to be the ideal material for 
metal-pigment surfaces. SENDUST lamination are now produced but manufacturing costs 
are high, and it is doubtful whether SENDUST lamination will be commercially 
available. Other amorphous alloys. (Co, Ni, Fe) 70-80 (B, 

Si) 30-20 have high initial permeability, hardness of 900 and 0.5 to 0.8 T 
saturation field 
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NiFe/CoFeB Spin- Valve Heads For Over 5 Gbit/in2 Density Recording 

H. Kanai, J. Kane, K. Yamada, K. Aoshima, M. Kanamine, 
J. Toda, and Y. Mizoshita 
File Memory Laboratory, Fujitsu Limited 
JO- J, Morinosato -Wakamiya, Alsugi, 243-01, Japan 



Abstract — This paper outlines the successful use of 
NiFe/(Co9oFeio)iOO-xBx (x = 5, 10%) for soft magnetic, thermally 
stabilized spin-valves- The GMR. effect in the NiFe/CoFeB spin- 
valve increases after annealing. The annealing effect of CoFeB 
on CoFeB/Cu interfaces is investigated by high resolution TEM- 
EDX analysis. Merged inductive NiFe/CoFeB spin-valve heads 
with a read gap length of 0.18 Um and a write gap length of 0.28 
]im having NiO{400A)/NiFe(10A)/CoFeBs(10A)/Cu<32A)/ 
CoFeB5(20A)/Ta(100A) spin-valve film and high Bs laminated 
FeZrN/NiFe top poles were fabricated. Their read/write 
performance were tested on a low noise CoCrxoPtsTa^ 1 ^ tnin ' 
film disk with an Mrt of 0.6 meniu/cm 2 and a coercivity of 2600 
Oe. A normalized output per track- width of 1000 |i Vpp/um and 
a 50% rolloff linear density (Dso) of 182 kFCI is obtained. This 
performance well exceeds the performance of 5 Gbi£/in2 spin- 
valve heads. The measured S/N was 26.8 dB for a spin-valve 
head with with a narrow read track-width of 0.68 um, and the 
feasibility of 8 G bit/In* recording density is siudied using a 1/7 
code Narrow Band PRML < 



L INTRODUCTION 

Spin- valve heads are very attractive for use as future high 
density recording MR heads because of their high readback 
output voltages, linear response, and symmetrical read 
sensitivity profiles. In a previous work, we reported on the 
high field sensitivity NiFe/CoFe spin-valve heads with soft 
magnetic NiFe/Co9oFeio free layers, and demonstrated a 5 
Ghit/in 2 density recording performance in combination with a 
low noise CoCrPtTa thin-film disk [1], The NiFe/CoFe spin- 
valve heads, however, suffered from a thermal reduction 
problem in the GMR output after the annealing process 
during wafer fabrication. 

In this paper, we report on an improvement in the thermal 
stability of spin-valve films using NiFe/(Co9oFeio)ioo-xBx 
layers (an addition of B to CosoFeio). We investigate the 
annealing effect of CoFeB on CoFeB/Cu interfaces by high 
resolution TEM-EDX analysis and consider the mechanism 
of the enhanced GMR of the NiFe/CoFeB spin- valve after 
annealing. Then, we fabricate and test inductive/spin-valve 
heads having a NiFe/CoFeB spin-valve film and a high Bs 
FeZrN/NiFe magnetic pole, and discuss the performance of 
over 5 Gbit/in? density recording. 
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II. SPIN- VALVE FILMS 

Spin-valve film samples with structures of 
NiFe/(Co9oFeio) ioo-xBx/Cu/(Co9oFeso)ioo^B K /NiFe/FeMn and 
NiO/NiFe/(Co9oFe io).i oo-xB x/Cu/(Co9oFe; o) i oo-xBx/Ni Fe w ere 
deposited on glass substrates using a magnetron sputtering 
system with a DC in-plain magnetic field of about 80 Oe. 
FeMn and NiO antiferromagnetic films were used as a 
pinning layer. The base pressure was less than 5x10-5 Pa. 
The sputtering pressure for NiO was 0.06 Pa. The argon 
sputtering pressure was 0.3 Pa, except for the NiO. The spin- 
valve film samples were annealed for three hours in applied 
transverse fields of 2500 Oe along their easy-axis. MR 
response curves were measured along the easy-axis using a 
in-line four point probe with applied magnetic fields of + 1 
kOe. 

Figure 1 shows a comparison of GMR ratio dependence 
on annealing temperature between the spin-valve film 
samples of NiFe/CoFe and NiFe/CoFeB layers. Sample (a) 
has a structure of NiFe(35A)/CoFe(40A)/Cu(32A)/ 
CoFe(40A)/FeMn(100A) with CoFe. Samples (b) and (c) 
•have structures of NiFe(35A)/CoFeBio(40A)/Cu(32A)/ 
CoFeBio(30A)/NiFe(10A)/FeMn(100A) with CoFeBio and 
NiO(500A)/CoFeB5(40A)/Cu(32A)/CoFeB5(20A)/NiFe(55A) 
/Ta(100A) with CoFeBs, respectively. The GMR output for 
the CoFe sample (a) without B decreases after annealing at 
over 230°C. Note, however, that the GMR output for the 
CoFeB samples (b) and (c) increases with an increase of 
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Fabrication of exchange-biased spin valves with CoFeB amorphous layers 

T. Feng a) and J. R. Childress 

Department of Materials Science and Engineering, University of Florida, Gainesville, Florida 32611 

Amorphous Co 72 Fe g B 20 is a soft ferromagnetic material with a high electrical resistivity and is, 
therefore, unique for use as the active layer in giant magnetoresistance (GMR) spin-valve structures. 
CoFeB/Cu/CoFeB/FeMn spin-valve structures were prepared by magnetron sputtering with varying 
FeMn thickness, deposition sequence, CoFeB deposition rate, Cu deposition rate, applied magnetic 
field, and annealing treatment, and their magnetic and magnetotransport properties were 
investigated by superconducting quantum interference device magnetometry and four-terminal 
magnetoresistance measurements. FeMn, above a critical thickness of 100 A, is found to be a 
suitable biasing layer only if deposited on top of CoFeB. Optimum CoFeB and Cu thicknesses and 
deposition rates were also determined. A modest GMR ratio of 1.2% in a field range lQOe<H 
< 15 Oe is achieved at T= 10 K in a CoFeB (40 A)/Cu(30 A)/CoFeB(20 A)/FeMn(100 A) structure. 
However, we expect that the size of the GMR effect can be tailored independently by suitable 
engineering of the CoFeB/Cu interface. © 1999 American Institute of Physics. 
[S0021-8979(99)64108-l] 



I. INTRODUCTION 

Amorphous magnetic thin films have been paid increas- 
ing attention for applications to giant magnetoresistance 
(GMR) spin-valve structures due to their low coercivity and 
high electrical resistivity. Amorphous magnetic materials can 
achieve lower coercivities than permalloy Ni 80 Fe 2 o, which is 
commonly used as the soft ferromagnetic sensing layer in 
spin- valve multilayers. Coercivities of 0.7 Oe have been ob- 
tained in amorphous CoFeB films. 1 Furthermore, the high 
resistivity of amorphous magnetic materials results in a 
larger resistance change and, consequently, higher output 
signal for a given GMR ratio. Also, amorphous magnetic 
layers can potentially increase the GMR effect by minimiz- 
ing current shunting through under layers and tap layers. 
Typically, the resistivity of amorphous CoFeB can be as high 
as 40 juflcm. 2 Amorphous CoFeB spin- valve multilayers 
with a NiO exchange-biasing layer have been reported. 2 
FeMn, another typical antiferromagnet for exchange biasing, 
has been extensively used in NiFe spin-valve multilayers. 3 
Therefore, it is a worthwhile comparison to study amorphous 
CoFeB spin valves with FeMn-biasing layers. In this article, 
structures of the type CoFeB/Cu/CoFeB/FeMn were investi- 
gated for their magnetic and magnetotransport properties. 
While the primary interest in CoFeB resides in its low coer- 
civity and lack of magnetocrystalline anisotropy at room 
temperature, the present study focuses on the properties of 
this system at T= 10K, in order to investigate fundamental 
aspects of deposition, magnetic interactions, and the relation- 
ship between structural and magnetotransport properties. 

II. EXPERIMENT 

All CoFeB spin-valve multilayer samples were prepared 
in a magnetron sputtering system with a base pressure of 1 
X 10" 8 Torr and argon plasma pressure of 2 mTorr, and de- 
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posited on oxidized silicon substrates. The CoFeB target 
composition was Co 72 Fe s B 20 at. % at which the magneto- 
striction value is close to zero at room temperature and, con- 
sequently, stress anisotropy is eliminated. The FeMn target 
was Fe j0 Mn 50 at. % and no buffer or cap layers were used. 
As amorphous materials are metastable solids, a cooled sub- 
strate and high deposition rate are believed to be essential to 
their deposition. 4 However, our x-ray diffraction measure- 
ments indicate that amorphous CoFeB was sustained for 
deposition rates as low as 0.34 A/s using room-temperature 
substrates. An induced uniaxial anisotropy was realized by 
applying a static magnetic field of about 600 Oe in the plane 
of the film during deposition and annealing. The hysteresis 
loops at T= 10 K were obtained in a superconducting quan- 
tum interference device magnetometer and the magnetoresis- 
tance measurements were obtained with a standard four- 
terminal method. 

III. EXPERIMENTAL RESULTS 

Generally, the coercivity of crystalline magnetic films 
increases with decreasing thickness due to the increased in- 
fluence of surface and interface defects on the magnetic re- 
versal. In the case of multilayered amorphous CoFeB films, 
the interface "defects" may. consist of crystalline or micro- 
crystalline regions which are formed at the CoFeB/Cu or 
CoFeB/FeMn interfaces. For CoFeB/Cu/CoFeB/FeMn struc- 
tures, soft magnetic properties are required for the free 
CoFeB layer only, while the pinned CoFeB layer may be 
more coercive, and the use of CoFeB for both layers is 
driven by the goal of increasing the overall resistivity. In our 
case, with r(Cu)= 100 A, the free-layer coercivity H c at T 
= 10 K is found to be constant and smaller than the absolute 
accuracy of our magnetometer (a few Oe) down to layer 
thickness t of 50 A. Below 50 A, the coercive field increases 
sharply, to about 20 Oe for r = 30A and 40 Oe for / 
= 20 A. Consequently, we usually chose our minimum free- 
layer thickness to be 40 A, so that its coercivity is less than 
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